Background: β-catenin and transforming growth factor β signaling are activated in fibroblasts during wound healing. Both signaling pathways positively regulate fibroblast proliferation during this reparative process, and the effect of transforming growth factor β is partially mediated by βcatenin. Other cellular processes, such as cell motility and the induction of extracellular matrix contraction, also play important roles during wound repair. We examined the function of β-catenin and its interaction with transforming growth factor β in cell motility and the induction of collagen lattice contraction.
Background
Wound healing proceeds through overlapping inflammatory, proliferative and remodeling phases. During the proliferative phase of wound healing, activated fibroblasts induce contraction of the healing wound, move across tissue defects to provide mechanical stability, and act to reorganize the extracellular matrix [1] . These cells persist in hyperplastic wounds and other conditions in which excessive scarring occurs, and as such an understating of their behavior has important practical implications in developing therapies for disorders of wound healing. Although the phenomenon of wound contraction and the reorganization of the extracellular matrix are well recognized, the cellular mechanisms regulating the processes are incompletely understood. These cell processes can be modeled in-vitro by observing the ability of cells to cause contraction of a three-dimensional collagen lattice. Fibroblasts from actively healing wounds have an enhanced ability to cause contraction in these lattices. In the floating collagen lattice contraction assay the ability of fibroblasts to reorganize collagen matrices can be observed [2] . Wound fibroblasts move across the tissue defect to reconstitute the mechanical properties of the damaged tissues [3] , a process that can be measured invitro using a scratch assay [4] [5] [6] . Although several factors are known to regulate fibroblast cell motility, most have been investigated in the context of chemotaxis, using Boyden chambers to measure how they move towards specific agent [7] , and there are only a few studies investigating the role of external factors and signaling pathways on fibroblast motility across an injury defect using the scratch assay [5, 6] .
Transforming growth factor β ligands act through Smad transcription factors to regulate gene expression. These growth factors are expressed during the initial phases of wound repair. Injection of transforming growth factor βone into cutaneous wounds causes a larger sized wound, and absence of the transforming growth factor β regulated transcription factor, Smad3, results in early wound closure with a smaller wound size [8] [9] [10] . Transforming growth factor β -one also enhances the ability of fibroblasts to cause lattice contraction in-vitro [11] . In contrast, its role in modulating fibroblast motility in wound repair is unclear, as although it is demonstrated to act as a chemoattractant for fibroblasts, it has also been shown to inhibit fibroblast motility under other conditions [7, 12, 13] .
Fibroblast-like cells in the dermal compartment of the healing skin during the proliferative phase of wound healing, exhibit high levels of β-catenin protein, and activation of β-catenin mediated tcf dependent transcriptional activity [14, 15] . During the normal remodeling phase, βcatenin levels return to baseline, but in human hyperplastic wounds, β-catenin levels remain elevated for a prolonged duration. Studies using genetically modified mice found that β-catenin level correlates with the size of cutaneous wounds. [14, 16, 17] . β-catenin is a key mediator of the canonical Wnt (wingless) signaling pathway. Canonical Wnt signaling activation results in the stabilization of β-catenin protein. Stabilized cytosolic β-catenin translocates into the nucleus, where it binds to tcf-lef family proteins to form a transcriptional activation complex. Tcf-lef family members are architectural transcription factors, changing DNA conformation when activated. [18] [19] [20] . βcatenin also interacts with E-cadherin, and mediates the interplay of adherens junction molecules and the actin cytoskeleton [21] . Stabilization of β-catenin in fibroblast cell cultures increases cell proliferation and invasiveness [15, 22, 23] .
β-catenin has an important role in wound healing. It also mediates the effect of transforming growth factor β in regulating proliferation during wound repair [14, 16, 17] . As such, it is possible that β-catenin plays a similar role in the regulation of lattice contraction and cell motility during wound repair. We thus examined the role that transforming growth factor β and β-catenin play regulating cell motility and the induction of collagen lattice contraction in primary mouse and human fibroblast cultures.
Results

β-catenin negatively regulates the induction of collagen lattice contraction
Primary dermal fibroblast cell cultures were established from mice expressing conditional null or stabilized alleles of β-catenin, and wild type littermates. To activate the conditional alleles, cells were treated with an adenovirus engineered to expresses cre-recombinase [16] . Cells from wild-type mice were also treated with the same adenovirus. Western analysis confirmed the expected difference in β-catenin levels between the samples, with two bands identified for the stabilized form of β-catenin, representing the slightly smaller protein size generated by the conditional allele lacking exon three (Fig. 1C ) [24] . Using relative densitometry (to the control protein GAPDH), there was an observed decrease in β-catenin in cells in which the null allele was activated to 32% of control values (p < 0.005), and an increase in β-catenin in levels in cells expressing the stabilized allele to 230% of control value (P < 0.001). There was an observed progressive contraction of the floating collagen lattices over a seven-day period. There was no difference in the rate of lattice contraction between primary dermal fibroblasts derived from wild type mice and those from mice expressing the conditional alleles, but whose alleles had not activated. In cells expressing a stabilized form of β-catenin there was a slightly decreased rate of lattice contraction, while in cells expressing a null form of β-catenin, there was a slightly increased contraction rate when examined in serum free media ( Fig. 1A and 1B ). The same experiment was performed using media containing serum, and a greater rate of lattice contraction was seen. There was a slightly greater difference in the rate of induction of collagen lattice contraction observed between cells from mice expressing null and stabilized alleles than in experiments undertaken in serum free media ( Fig. 1D ). To ensure that changes in βcatenin levels did not alter cell numbers, which might change the rate of lattice contraction, we examined the number of cells present using DNA content, and found no difference in cell numbers between the various lattices.
Transforming growth factor β induced lattice contraction at a substantially greater rate than deficiency in β-catenin Transforming growth factor β one is known to induce contraction of three dimensional collagen lattices seeded with fibroblasts [11] . Since β-catenin partially mediates transforming growth factor β regulated fibroblast cell proliferation [16] , we examined if transforming growth factor β induced collagen lattice contraction might be mediated by β-catenin. Contraction rate was compared between wild type and β-catenin null cells treated with transforming growth factor β. The effect of transforming growth factor β induced lattice contraction was not dependent β-catenin (Fig. 2) . The relationship of β-catenin stabilization and transforming growth factor β treatment was examined in cells expressing stabilized β-catenin alleles. There was a small effect of β-catenin stabilization compared to transforming growth factor β treatment ( Fig. 3) . In contrast to its role in fibroblast proliferation, transforming growth Collagen lattice contraction is negatively regulated by β-catenin Figure 1 Collagen lattice contraction is negatively regulated by β-catenin. A. Means and 95% confidence intervals for collagen lattice mean diameter as observed over seven days are given for fibroblasts from mice expressing the wild type, null, or stabilized β-catenin alleles, all treated with the adenovirus expressing cre recombinase in the absence of serum. There is a statistically significant difference between the stabilized and wild type cells for the time points with an asterisk below the data points. B. Representative photograph of the collagen lattices at day five. C. Western analysis for β-catenin showing successful recombination in the fibroblasts in the lattices. D. Means and 95% confidence intervals for collagen lattice mean diameter as observed over seven days are given for fibroblasts from mice expressing the wild type, null, or stabilized β-catenin alleles, all treated with the adenovirus expressing cre recombinase in the presence of serum. There is a statistically significant difference between either the stabilized or null cells and wild type cells at the time points with an asterisk either above or below the data points.
factor β induces contraction of collagen lattices independent of β-catenin.
Lithium and DKK-1 treatment produce similar effects as expression of conditional β-catenin null or stabilized alleles
Lithium will elevate β-catenin level through its regulation of GSK3β [25, 26] , and dickkopf-1 (Dkk-1) ligand will inhibit Wnt receptor binding, preventing the activation of β-catenin catenin mediated signaling by receptor activation [27, 28] . We treated fibroblasts with an adenovirus expressing Dkk-1 [29] and observed their ability of TGF-β to induce lattice contraction. Cell cultures infected with Ad-Dkk-1 demonstrated the same behavior as fibroblasts expressing conditional null alleles of β-catenin ( Fig. 4 ). To determine if lithium could induce fibroblasts to cause lattice contraction, we treated wild type and β-catenin null cells with lithium. Lithium treatment induced β-catenin protein, and inhibited lattice contraction in wild type cell, in a similar manner to that observed in cells expressing β-catenin stabilized condi-tional alleles ( Fig. 4 ). Lithium and Dkk-1 treatment had no effect on cells expressing null alleles of β-catenin. Using densitometry there was an increase to 195% of baseline β-catenin protein level with lithium treatment (p < 0.01) and a decrease to 45% of control levels with Dkk-1 treatment (P < 0.005).
Human fibroblasts behave the same as murine cells
To determine if human cells behaved the same as cells from mice, we examined human primary fibroblasts in a similar manner. Contraction was compared between cells treated with transforming growth factor β, Dkk-1, lithium, these agents in combination, or with controls. A similar pattern as found in the mouse cultures was observed. Lithium and Dkk-1 have a mild effect on lattice contraction, while transforming growth factor β has a more dramatic positive effect ( Fig. 5 ). Dkk-1 and lithium had similar effects as in murine cultures, showing a mild negative effect of β-catenin on lattice contraction.
Transforming growth factor β induces collagen lattice con-traction independent of β-catenin Figure 2 Transforming growth factor β induces collagen lattice contraction independent of β-catenin. A Means and 95% confidence intervals for collagen lattice mean diameter as observed over seven days for fibroblasts from mice expressing null β-catenin alleles or wild type littermates treated with the adenovirus expressing cre recombinase also treated with transforming growth factor β, or the carrier. There is a statistically significant difference between transforming growth factor β and carrier treatment for time points identified with an asterisk above the point, but no statistically significant difference between fibroblasts in which the β-catenin null allele was activated compared to treatment with transforming growth factor. Data is shown in the absence of serum. B. Representative photographs of the collagen lattices at day seven. β-catenin stabilization has a minor effect on collagen lattice contraction compared to transforming growth factor β Figure 3 β-catenin stabilization has a minor effect on collagen lattice contraction compared to transforming growth factor β. A. Means and 95% confidence intervals for collagen lattice areas as observed over seven days for fibroblasts from mice expressing stabilized β-catenin alleles or wild type littermates treated with the adenovirus expressing cre recombinase, also treated with either transforming growth factor β, or carrier. There is a statistically significant difference between transforming growth factor β and carrier treatment for all time points after day three, and a statistically significant difference between fibroblasts in which the stabilized β-catenin allele was activated compared to fibroblasts from wild type mice for the time points with an asterisk above the data points. Data obtained using serum free media is shown. B. Representative photographs of the collagen lattices at day seven.
β-catenin, but not transforming growth factor β, positively regulates fibroblast cell motility
The scratch wound assay can be used to study cell migration, and approximates some of the conditions present during wound repair [4] . Using this assay, we found a positive correlation between β-catenin levels and the rate of cell migration across the scratch wound. Transforming growth factor β had little effect on fibroblast motility using this assay (Fig. 6 ). Motility was also measured using Boyden chambers. The number of cells moving across the membrane per high powered field correlated with β-catenin level, with cells expressing the stabilized form of βcatenin having an average of 11.2 cell per high powered field, wild type cells 8.6 cells per high powered field, and 4.3 cells per high powered field in cells expressing a null allele of β-catenin (p < 0.01). Transforming growth factor β did not change the number of cells crossing the membrane in the Boyden chamber. In contrast to their ability to induce lattice contraction, β-catenin positively regulates cell motility, while transforming growth factor β plays little role in this process.
Transforming growth factor β, but not β-catenin, regulates α-smooth muscle actin expression α-smooth muscle actin can regulate fibroblast contraction, and the expression of this gene is known to be regulated by transforming growth factor β [30, 31] . As such, we examined the regulation of α-smooth muscle actin expression by β-catenin and transforming growth factor β using quantitative RT-PCR in cells grown on plastic tissue culture dishes. Transforming growth factor β treatment increased α-smooth muscle actin expression more than two-fold ( Fig. 7) . In contrast, the level of expression did not change significantly in cells expressing stabilized or null alleles of β-catenin.
Discussion
During wound repair, fibroblasts move across tissue defects, and cause contraction of the extracellular matrix. Fibroblast motility is initiated when a cell extends a protrusion at its front which attaches to the substratum on which the cell is migrating, followed by a contraction that moves the cell body forward toward the protrusion, and finally the attachments at the cell rear release as the cell moves forward. The ability of fibroblasts to induce contraction of a collagen lattice is related to activation of fibroblast contractile machinery, the ability to transmit the contractile force to the extracellular matrix, and to the remodeling of the matrix. We found that different signaling pathways regulate these processes, suggesting that these two processes are controlled by different intracellular mechanisms.
Fibroblast activation to myofibroblasts is mediated by αsmooth muscle actin, and can be induced by transforming growth factor β. This is one mechanism by which trans-forming growth factor β can activate the fibroblast contractile machinery [11, 32] . We found that in contrast to transforming growth factor β, β-catenin does not regulate α-smooth muscle actin expression. This finding that is consistent with data from human wound healing. Although α-smooth muscle actin is elevated during the wound healing process, its expression does not vary significantly during the first few weeks of wound repair, a time during which β-catenin level shows substantial variation [14] . Taken together, this suggests that β-catenin mediated tcf-dependent transcription does not directly regulate α-smooth muscle actin expression in fibrobasts.
We found little effect of transforming growth factor β on fibroblast motility. This is in agreement with studies suggesting an inhibitory effect of transforming growth factor β on fibroblast motility [13, 33] . However, transforming growth factor β has also been shown to activate cell motility on certain cell surfaces [34] . This suggests that it has different effects depending on the environment in which the fibroblast resides. In contrast to transforming growth factor β, β-catenin was found to positively regulate cell motility. Our findings are in agreement with developmental data, in which canonical Wnt signaling can regulate cell migration, such as in cardiac progenitors, whose migration is controlled by β-catenin signaling [35] . Cell motility is an integral process in wound repair, as cells need to migrate to cross the tissue defect. This is a complex process, during which a cell extends a protrusion at its front, which in turn attaches to the substratum on which the cell is migrating. This is followed by a contraction that moves the cell body forward toward the protrusion, and finally the attachments at the cell rear release as the cell continues to move forward. Chemotactic agents initiate this cycle, and intracellular processes, such as actomyosin filament contraction, which proposes the cell forward, and the formation of adhesive connections in the front, and release of adhesion in the rear of the cell are responsible for propelling the cell. β-catenin participates in adherens junctions, actin cytoskeleton binding, and transcriptional regulation. Participation in each of these processes could regulate cell migration [34] .
During wound repair, numerous factors contribute to wound size including the number of cells present (a function of cell proliferation and migration) and the behavior of the cells within the extracellular matrix. Activation of number of signaling pathways, such as through transforming growth factor β and β-catenin, cause a larger wound size. Our data, in concert with data from previous studies, suggests that these two signaling pathways activate different cellular processes to produce a larger wound size. Both transforming growth factor β and β-catenin positively regulate fibroblast proliferation, suggesting that this is a common cellular process in the generation of a hypertrophic wound. In contrast β-catenin has a domi-nant role regulates cell motility while transforming growth factor β has a dominant role regulating lattice contraction. Such data likely has important implications in therapeutic approaches to hyperplasic wound healing, as the modulation of a multiple involved signaling pathways may be required.
Conclusion
Cutaneous wound healing is a complex process involving multiple cell types and intracellular signaling pathways. βcatenin and transforming growth factor β play important roles in this process, both of which positively regulate wound size. Here we show that transforming growth factor β plays a major regulatory role, while β-catenin plays a minor role regulating contraction of a floating collagen lattice. In contrast, we found little effect of transforming growth factor β on fibroblast motility, while β-catenin plays a significant role positively regulating fibroblast cell migration. Although β-catenin partially mediates the effect of transforming growth factor β on cell proliferation [16] in fibroblasts, it does not mediate the effect of transforming growth factor β on the induction of contraction of collagen lattices. This demonstrates the complexity of the interaction of various signaling pathways in the regu-lation of cell behavior in wound repair, that cell motility and the induction of collagen lattice contraction are likely controlled by different intracellular mechanisms, and suggests that there is unlikely to be a single signaling pathway which will act as master regulator of fibroblast behavior in wound repair.
Methods
Primary Cell Cultures
Primary cell dermal fibroblast cell cultures were established from mice or from patients undergoing surgery as previously reported [22, 36, 37] . In the case of human samples, cultures from three independent patients were investigated. All primary cultures were studied within their first three passages. To examine the role of β-catenin, primary fibroblast cell cultures derived from mice expressing β-catenin conditional stabilized or null alleles were utilized. Catnb tm2Kem mice contain β-catenin alleles with loxP sites flanking exons 1 and 6. When the segment between loxP sites is excised by exposure to cre-recombinase this effectively abolishes the ability to express β-catenin protein [38] . The Catnb lox(ex3) mouse harbors a conditional βcatenin allele containing loxP sites flanking exon three.
Dkk-1 and lithium have a minimal effect on collagen lattice contraction Figure 4
Dkk-1 and lithium have a minimal effect on collagen lattice contraction. A. Means and 95% confidence intervals for collagen lattice average diameters as observed over seven days are given for fibroblasts from mice expressing the wild type fibroblasts treated with either an adenovirus expressing Dkk-1 or a control adenovirus. Cultures were also treated with either transforming growth factor β or a carrier. There is a statistically significant difference for transforming growth factor β treatment compared to carrier after day three. For Dkk-1 and lithium treatment there is a minimal change in lattice contraction rate. B. Representative photographs of the collagen lattices at day seven. C. Western analysis for β-catenin showing how Dkk-1 and lithium regulates the protein level of β-catenin.
beta-catenin
Human fibroblasts induce collagen lattice contraction in a similar manner as murine firoblasts Figure 5 Human fibroblasts induce collagen lattice contraction in a similar manner as murine firoblasts. A. Means and 95% confidence intervals for collagen lattice areas as observed over seven days are given for primary cultures from human fibroblasts treated with lithium, Dkk-1, TGF-β, or a carrier. There is a statistically significant difference for TGF-β treatment compared to carrier after day three. For lithium treatment there is a statistically significant difference for the time points with an asterisk above the data points. B. Representative photographs of the collagen lattices at day five.
β-catenin positively regulates cell motility in the scratch assay, while transforming growth factor β has little effect Figure 6 β-catenin positively regulates cell motility in the scratch assay, while transforming growth factor β has little effect. A. The means and 95% confidence intervals of the average distance between cells on either side of the scratch (mm). Statistically significant differences (p < 0.05) compared to the controls are indicated with an asterisk above the bar. B through E. Representative photomicrographs of the gap in the cell cultures. B is from wild type cells, C from cells expressing null β-catenin alleles, D from cells treated with transforming growth factor β, and E is from cells expressing stabilized β-catenin alleles. F. The means and 95% confidence intervals of the number of cells passing through the membrane in the Boyden chamber. Statistically significant differences (p < 0.05) compared to the controls are indicated with an asterisk above the bar. When exposed to cre-recombinase, this results in expression of a functional β-catenin protein that is missing the amino terminal phosphorylation sites and as such is a constitutively stabilized, transcriptionally active protein [24] . This research was performed with the approval of an appropriate human and animal ethics committee at our institution.
Treatments to modulate transforming growth factor β and β-Catenin activity
To drive cre-recombinase expression in the murine fibroblast cells, we used an adenovirus engineered to expresses cre-recombinase (Ad-cre) [16] . Primary cell cultures were infected with 10 8 PFU of the virus as in our previous work. In cells from the Catnb tm2Kem mouse, this did not completely abolish β-catenin protein level, but reduced the level of to about one third of control levels, and in cells from the Catnb lox(ex3) mouse, treatment doubled the β-catenin protein level. To determine if Wnt ligands are required play a role in the regulation of the lattice contraction, we treated cells with a dickkopf-1 (Dkk1) expressing adenovirus (Ad-Dkk1) as previously reported [29] . Dkk-1 is a potent secreted Wnt antagonist that interacts with Wnt coreceptors of the LRP family [39] . Ad-Dkk1 treatment effectively blocks Wnt mediated signaling during mesenchymal repair processes [40, 41] . An adenovirus expressing an empty vector was used as a control. To pharmacologically increase β-catenin protein level, we treated the cells with lithium as previously reported [16, 40] . Lithium ele-vates β-catenin level through regulation of GSK3β [25, 26] . Sodium was used as a control. Transforming growth factor β one (Sigma), was added to cultures at a concentration of 10 ng/ml, a concentration that induces maximal effects on the regulation of cell contraction and proliferation in fibroblast cells [42, 43] .
Collagen lattice contraction assays
Collagen lattice contraction assays were carried out using murine or human primary cell cultures. [44, 45] ). At the end of the contraction experiment, the collagen lattices were digested with 1000 units/ml Collagenase I (Worthington -Biochemical Corporation), and cells were isolated and lysed. Total β-Catenin level was examined using western blot, and relative cell number determined using DNA content as previously described [15] . Each individual experiment was performed in at least triplicate, and for each set of conditions the experiment was performed five times. Means, standard deviation, and 95% confidence intervals for the area of the lattices were calculated for each cell type and treatment group, which were then compared using the student t-test.
Scratch and chemotaxis assays
1.0 × 10 4 cells were seeded into 35-mm plastic tissue culture plates. Confluent monolayers were obtained after three days, afterwhich the cells were incubated for 12 hours in serum free media. A "scratch" in the middle of the cell monolayer was produced using a 1 mm wide cell scraper. Cells were observed immediately after the generation of the scratch to ensure a uniform 1 mm wide "scratch" region. They were then observed again 24 hours later to measure the average distance between the cells on each side of the scratch as previously reported [4] . Chemotaxis was measured using primary cell cultures in a modified Boyden chamber as previously reported [36] . A 6-mm Nucleopore membrane (Millipore, Bedford, MA) was Transforming growth factor β, but not β-catenin regulates the expression of alpha smooth muscle actin Figure 7 Transforming growth factor β, but not β-catenin regulates the expression of alpha smooth muscle actin. Mean and 95% confidence intervals for the relative expression of alpha smooth muscle actin. Treatment with transforming growth factor β resulted in a significantly different level of expression, while activation of conditional alleles of β-catenin had little effect. An asterix above the data point indicates a significant difference from the control value.
placed between the microchemotactic chambers. Cell culture medium with transforming growth factor β, lithium, or Dkk-1 was placed in the lower portion of the chamber. An equal number of cells were placed into the upper chamber for each experiment. Cell migration was determined by counting the number of cells that migrated to the lower portion of the Nucleopore filter over 10 highpower fields. At the end of each experiment the number of cells on the slide (in the case of the scratch assay) or on the top of the Nucleopore membrane in the microchemotactic chambers was counted over ten high powered fields, and no differences in cell numbers were observed between any of the experimental conditions.
Real time PCR
Real time PCR was used to determine differences in alpha smooth muscle actin using previously reported techniques [46] . Cells derived from genetically modified mice or wild type littermates were examined 24 hours after treatment with the adenovirus or transforming growth factor β. Cells were grown on tissue culture plastic in serum free media for 24 hours. Primers and probes for mouse alpha smooth muscle actin, and 18s rRNA were obtained from Applied Biosystems and used according to the manufacturer's instructions. Quantitative values of alpha smooth muscle actin is normalized based on 18s rRNA content.
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